of direct Coulomb electron-positron pair production have been made on the tracks of relativistic heavy ions in nuclear track emulsion. Tracks of 016 and S32 at 200 GeV/nucleon were studied. The measured total cross sections and energy and emission angle distributions for the pair members are compared to theoretical predictions.
I. INTRODUCTION
Some recent work on this topic has been stimulated by cosmic ray physics where it is considered for use in measuring the energy of extremely relativistic particles [33, 34] and from considerations of heavy-ion collider performance, where this phenomenon may result in the reduction of beam luminosity through the bound electron-positron pair production process [35, 36] .
When predicting the total cross section for the direct pair production by ions in emulsion, the calculations [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] have included semiclassical and quantum electrodynamic treatments.
The semiclassical approach, visualized with the aid of the Weizs_icker-Williams (WW) method of virtual quanta [4, 5] , is appropriate since the energy transfer is small compared to the incident energy of the heavy ion. However, one of the shortcomings of the WW method is that it depends on an undetermined quantity corresponding to the minimum impact parameter. Beginning in the 1950s, the calculations [6] [7] [8] [9] were based on the Feynman-Dyson formulation of quantum electrodynamics.
Wright [37] points out in his critical evaluation of those treatments that differences are found in the low-energy transfer regime (also see Ref. [38] ).
*Deceased.
The various approaches to calculating pair production from heavy ions differ in a number of respects. The incident particle is treated as a point particle in Refs. [1, 3, [14] [15] [16] [17] and as a plane wave in Refs. [2, [6] [7] [8] [9] [10] [11] [12] [13] . These two assumptions can be shown to be equivalent after integration over impact parameters. Screening by atomic electrons is included in Refs. [1, [6] [7] [8] [9] [10] [11] 13, 15] and it is not included in Refs. [2, 3, 14, 16, 17] . Screening becomes increasingly important at higher incident particle energies. Both pair members are assumed to be relativistic (i.e., the Lorentz factor satisfies the condition y >> 1) in Refs.
[ [6] [7] [8] [9] In examining recoil electrons along the primary ion track, the chance association of two knock-on electrons (KO-KO) that fit the criteria for a candidate electron pair event is a background that varies with the energy of the two individual electrons and the charge and energy of the primary ion species. The chance association of knock-on electrons within 2/_m was treated by a simulation that is described in the Appendix.
III. EXPERIMENTAL RESULTS
In Table I we list the theoretical direct pair interaction path length from recent calculations [10, 11] for the oxygen and sulfur tracks in emulsion, both with and without the chance KO-KO electron background for two pair energy thresholds 4 and 10 MeV. Direct pair production from the incident ion interacting with the target atomic electrons has not been included in the calculations, but is thought to be small ( < 2%). As one can see from Table I , the direct electron-positron pair yield for both ions is contaminated by the chance KO-KO electron back- Table II . We see that the agreement between the measurement and the theory (Table I,  including the KO-KO probability) for the direct pair yield of relativistic heavy ions in emulsion is within one standard deviation. The theoretical predictions from Ref. [11] in Table I give an equivalent total cross section of However, predictions using the methods of [1, 6, 7] are at least twice these values.
The predictions in Table I include the effect of atomic screening.
Reference [11] predicts that atomic screening reduces the cross section by about 7% and this is in close agreement with Ref. [13] for intermediate absorber Z. Note that calculations using the methods of Refs. [2, 14] give results within a few percent for the unscreened case evaluated in Ref. [11] . Higher-order corrections are estimated to give a 2-3 % reduction in the total cross section for intermediate absorber Z [11] and this is in agreement with the recent calculations in Ref. [17] . With our statistical errors, we cannot test these differences in the calculations. The pluses and crosses have the same meaning as in Fig. 1 . GeV/nucleon (see Ref. [11] for a detailed discussion of these differences).
A previous cross-section measurement [25] , which measured pair production (from 200 GeV/nucleon ¢r mesons) above a pair momentum of 10
MeV/c, was stated to be in agreement with the prediction of Ref. [7] . We note that the various calculations tend to converge at higher Lorentz factors. Also shown in Ref. [10] (Fig. 2) is that above 10 MeV the theoretical distributions used for comparison here do not differ much from
Ref. [6] , Eqs. (23)- (25) and Ref. [7] , Eqs. (19)- (21), which have adjustable parameters. The differences are principally in the lower-energy pairs not measured by Ref. [25] . We have included in Table I a prediction [11] for direct pair production for pair energies above 10 MeV both with and without the KO-KO contribution. [12] give a result very close to their calculation shown in Fig. 2 of Ref. [32] .
Direct comparison of energy spectra with Ref. [32] is prevented by our measurement errors which tend to fiatten the spectra, and also our poor statistics.
The present measurements of direct pairs using the heavy-ion beams from CERN have greatly improved the experimental situation and generally confirm the recent calculations of the total cross section and angular distribution and the shortcomings of earlier calculations [1, 6, 7] . Tests of the energy spectra calculations are less clear, although
Ref. [32] shows satisfactory agreement of the positron spectra up to --8 MeV/c with the calculations of Ref. [14] , but an experimental deficit above this momentum.
To clarify this issue as well as probe the finer details in the theoretical development (screening, higherorder corrections [10, 11, 13, 14, 17] ) will require further experiments using magnetic fields. 
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where the right-hand side is the probability of finding no events in path length x times the probability of finding no events in path length dx. Expanding the left-hand side
which has the solution
is the probability of finding the first event between x and x + dx, then
where the right-hand side is the probability of finding no events in the distance x times the probability of finding an event in the length dx. That is, the intervals between events are distributed exponentially. In order to simulate the position of KO electron events 
